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ABSTRACT
THERMAL ANALYSIS OF SELECTIVE LASER MELTING (SLM) PROCESS
FOR METALLIC ADDITIVE MANUFACTURING

Shiva Ratakonda, M.S.
Department of Mechanical Engineering
Northern Illinois University, 2017
Pradip Majumdar, Thesis Director

Additive manufacturing widely known as 3D printing is receiving groundbreaking level of
attention from industry and research laboratories. The research and development effort has gained
tremendous momentum from simple 3D printers to advanced quick manufacturing systems that
create functional parts without the need for tooling. While majority of the current 3D printers
available in the market build parts using polymeric materials, recent research and development
effort is also concentrated on building parts using metals, ceramics, and composites. Electron beam
melting (EBM), selective laser sintering (SLS), and selective laser melting (SLM) are attractive
processes for metallic parts.
It is one of the emerging technologies that manufactures three-dimensional objects from a
CAD model (e.g. Creo, SolidWorks, CATIA) through an additive process by heating, melting and
cooling the deposited materials. The process is repeated in successive layers and is particularly
attractive in creating complex shapes with intricate internal geometries, for example, bipolar plates
with integrated multiple gas flow and internal cooling channels. A simulation model is essential

for establishing all key process parameters for a specific design and material before manufacturing
the part.
In this study, a three-dimensional computational simulation model was developed to
characterize the selective laser melting (SLM) – based additive manufacturing (AM) process by
laser melting of the pre-deposited particles and forming a single layer of the desired part. The
SLM-AM process was analyzed through iterative refinement of the required beam power.
Sensitivity analysis was performed for the desired part by heating and melting of spherical particles
to establish the optimum operating parameters in terms of the particle size and laser beam power.
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1. INTRODUCTION
Motivation
Additive manufacturing or 3D printing is receiving groundbreaking attention as an alternative
to traditional manufacturing processes such as stamping, bending, molding and cutting. It is
one of the emerging technologies that manufactures three-dimensional objects from a CAD
model (e.g. Creo, SolidWorks, CATIA) through an additive process, typically by depositing
and “curing in place” successive layers of polymers, metals, or ceramics. [1]
Additive manufacturing development has gained tremendous momentum from simple 3D
printers to advanced rapid manufacturing systems that create functional parts without the need
for tooling within the last 20 years. AM processes are innovative in the design of the
component, enabling the fabrication of parts that cannot be made by conventional methods. It
is particularly attractive in creating highly complex shapes with few geometric limitations,
unlike traditional manufacturing processes where it is hard to fabricate a part with multiple
grooves in milling or welding operation. The final part that carries all the characteristics should
meet customer satisfaction once the part is created by 3D printing. [2]
There are many parameters like powder particle size, beam power intensity, beam diameter
and scan speed that influence the strength, density and time taken to manufacture a unit in 3D
printing. It is good to run simulation analysis by selecting a small part of the required part since
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it requires a lot of skill to select all these parameters. The main advantage in running entire
analysis before actually fabricating the part in 3D printing is that all the thermal properties,
time taken to create the part and final product density are calculated. Then it goes to
manufacturing once the part which is analyzed meets all the requirements and high mechanical
properties, of the final product should be attained. (Figure 1). [3]

Figure 1: Patent under preparation by Ben and Majumdar

Literature Review
Gusarov et al. [4] conducted experiments with single-line scanning and concluded that interval
of scanning velocities exists where the remelted tracks are uniform, and outside this interval,
tracks become broken, which is referred as the “balling” effect. This balling effect is explained
by Plateau-Rayleigh capillary instability of the melt pool at high scanning velocities.
Yadroitsev et al. [5] carried out parametric analysis of selective laser melting process for Inox
904L powder with 95% of particles having a size less than 20𝜇m. From the experiments, it was
shown that the greater the value of laser power to scanning speed ratio is, the larger is the
remelted line. Strategy to form objects with smaller inner structures was developed.
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Li et al. [6] developed a three-dimensional transient thermal finite model to analyze the effects
of processing parameters on the temperature. Results showed that higher maximum
temperature in the powder bed and wider scan track width is achieved by a lower scan speed,
higher laser power, and a lower scan interval. Also, the curve of temperature versus time was
studied which exhibited fluctuating variation with transverse scan mode, while moderate
variation with lengthwise scan mode was observed in the curve.
Smurov et al. [7] analyzed effects of the processing parameters such as hatch distance and
powder layer thickness on the first layer of surface morphology and they concluded that in
order to fabricate the surface which is smooth, the value of the shift distance should be less
than the average width of the continuous track. They also explained that scanning speed and
layer thickness are very crucial for manufacturing of one-pass thin wall by selective laser
melting.
Foroozmehr et al. [8] introduced three-dimensional non-linear transient finite element model
in their work to simulate the melting of a single layer of stainless steel 316L on powder bed,
and results of the model for depth of the melt confirmed the experimental results. In each single
track, length, width and depth of melt pool are examined and for different scan speeds, results
were analyzed and after the third track, dimensions of the melt pool attained stable condition.
Sowdari and Majumdar [9] analyzed the laser heating and melting of pure metals by
developing a two-dimensional enthalpy-based computational model. They also developed
finite element code and algorithm to calculate the distribution of temperature, location of the
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solid-liquid interface and characteristics of the melt pool. The results found are in close
proximity with the analytical model.
Kasula and Majumdar [10] developed three-dimensional enthalpy-based mathematical model
to study the formation of melt pool of alloy material using high-energy CO2 Gaussian laser
beam. They studied the distribution of stress and temperature and the formation of molten
metal pool size and the heat-affected zone.
Kankanala [3] studied selective laser melting process using a temperature-based simulation
model. He focused on analyzing effect of laser beam parameters and particle size on the
densities of the parts made from powdered materials as it is formed layer by layer.

Objective of Thesis
A computational simulation model was developed to characterize the selective laser melting
(SLM) – based additive manufacturing (AM) process by laser melting of the pre-deposited
particles and forming single layer of the desired part.
The SLM-AM process was analyzed through iterative refinement of the required beam power.
Sensitivity analysis was performed for the desired part by heating and melting of spherical
particles to establish the optimum operating parameters in terms of the particle size and laser
beam power.

2. SIMULATION MODEL FOR SLM
Selective laser melting is the process of additive manufacturing where powder particles are
melted completely by the laser beam. It is motivated by the need to produce objects which are
very dense with mechanical properties comparable to those of large-magnitude materials. The
resulting high density allows lengthy post-processing as required with selective laser sintering.
[11] As shown in Figure 2, the process uses feeding nozzle to deposit a layer of material over
a supporting substrate. The material is then heated by traveling laser beam to melt and fuse the
material. Once a layer or a certain thickness is processed, the powder bed moves a step down.
The automated rollers which are connected on both sides move to the center, spreading another
layer of powder particles over the melted layer. These powder particles are melted to a
particular dimension so that they create a fine layer with the good surface finish on the top
(Figure 2).
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Powder flow

Nozzle

Figure 2: Typical manufacturing process

Description of the Physical Model
The main parameters to be considered for the SLM process are powder size, shape, and
material properties. The substrate is assumed to be a rectangular part with a layer of powder
particles over it. The powder particles are spherical in shape and material used is aluminium
in this manufacturing process. The particle sizes considered are 75, 50 and 25 microns. The
top to bottom surfaces of the powder particles are subjected to heat flux and the surrounding
temperature is considered as ambient. [3]
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2.1.1 Laser Beam Specifications
A laser beam with constant power distribution is incident on surface. As the incident laser
beam is absorbed by the surface based on its absorptivity property, the energy formed
transforms as heat and the material gets heated up. It finally starts melting up and heat is
transferred to surrounding cooler regions of the particle. A three-phase state (i.e. solid, liquid
and solid +liquid) is formed as the temperature exceeds the melting temperature of the
aluminum material. The solid-liquid interface moves with the increase in time until a steady
state is reached. In this study, beam diameter considered is 50 microns for all the particle sizes.
Scan speed is the rate at which the laser spot moves on the surface of the workpiece. There are
mainly two types of scanning, traverse and lengthwise direction scanning. In this project, we
deal with traverse direction scanning.
Scan speed = Distance traveled by the beam/ Time taken to melt the workpiece

SLM Manufacturing Process
To manufacture a part using selective laser melting, the operations shown in Figure 3 are
followed.
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Figure 3: Iterative computational algorithm for selecting laser beam parameters.
Continued on the next page
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Figure 3 continued.
Decide the model
dimensions, material and
particle size

Set up CAD model and
single layer

Select beam
parameters

Run the simulation
model

Analyze heating and melted
region of micron size
particles by SLM

Modify beam power
intensities

Forming single layer of
required height

STOP
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Mathematical Model
The mathematical formulation presented here describing the physical statement of the problem
includes the description of the physical processes and the associated governing equations and
the boundary conditions in order to precisely simulate the induced temperature distribution,
melt pool shape and size, and the thermal effects in the material due to the absorbed heat. As
the shape and size of the molten pool depends on the laser beam characteristics and heat
diffusion phenomena involving moving solid-liquid interface, the enthalpy model is essential
to analyze such a phase-change moving-boundary heat-diffusion phenomenon driven by the
high-energy laser beam.
A laser beam with a constant power distribution is incident on the particle surface (Figure 4).
As the incident laser beam is absorbed by the surface based on its absorptivity property, the
energy formed transforms as heat and the material gets heated up. It finally starts melting up
and heat is transferred to surrounding cooler regions of the particle. A three-phase state (i.e.
solid, liquid and solid +liquid) is formed as the local material temperature exceeds the melting
temperature of the aluminum material. The solid-liquid interface moves with the increase in
time until a steady state is reached. As the temperature increases, the material starts melting
and the significant amount of heat is lost due to convection from the side surfaces of the
material. [9]
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Energy Equation
2.4.1 Thermal Model
The following presumptions are made in deriving the thermal model: (1) The material is
stationary but the laser is moving in traverse direction with a scan speed. (2) Advection in the
material is neglected. (3) The constant heat transfer coefficient represents the heat losses due
to both radiation and convection. (4) The net heat input to the material is the heat flux absorbed
at the surface of the part with constant absorptivity. (5) The heat transfer is transient and threedimensional. (6) Absorbed laser intensity is not high enough to cause evaporation of the
aluminum part from solid state to vapor state. (7) Isotropic material is considered. (8) No
convection in liquid pool and at solid-liquid interface; the material is pure with no mushy
region. [9]

2𝑅0
Particles
Laser Beam

𝑌𝐿
𝑍𝐿

𝑋𝐿
Substrate

Figure 4: Geometric view (X axis, Y axis, Z axis)
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The mathematical statement of the problem can be defined in the form of a heat equation as
follows:

Governing Equation:
𝜕

𝜕𝑇

(𝐾𝑥 𝜕𝑥 ) +
𝜕𝑥

𝜕

𝜕𝑇

(𝐾𝑦 𝜕𝑦) +
𝜕𝑦

𝜕

𝜕𝑇

The boundary conditions applied to the model are as follows:

1) 𝐴𝑡 𝑧 = 0,
± 𝐾𝑧

− 𝑅0 ≤ 𝑥 ≤ 𝑅0 𝑎𝑛𝑑 − 𝑅0 ≤ 𝑦 ≤ 𝑅0

𝜕𝑇
𝜕𝑧

2) 𝐴𝑡 𝑧 = 0,

+ 𝛼𝐼0 = ℎ𝑐 (𝑇 − 𝑇∞ )
− 𝑥𝐿 ≤ 𝑥 ≤ −𝑅0 𝑎𝑛𝑑 𝑅0 ≤ 𝑥 ≤ 𝑥𝐿 ,
𝑅0 ≤ 𝑦 ≤ 𝑦𝐿 𝑎𝑛𝑑 − 𝑦𝐿 ≤ 𝑦 ≤ 𝑅0

𝜕𝑇

− 𝐾𝑧 𝜕𝑧 = ℎ𝑐 (𝑇 − 𝑇∞ )
3) 𝐴𝑡 𝑧 = 𝑧𝐿 ,
− 𝐾𝑧

𝜕𝑇
𝜕𝑧

−𝑥𝐿 ≤ 𝑥 ≤ 𝑥𝐿 𝑎𝑛𝑑 − 𝑦𝐿 ≤ 𝑦 ≤ 𝑦𝐿
= ℎ𝑐 (𝑇 − 𝑇∞ )

4) 𝐴𝑡 𝑥 = −𝑥𝐿 𝑎𝑛𝑑 𝑥 = 𝑥𝐿
𝐾𝑥

𝜕𝑇
𝜕𝑥

= ℎ𝑐 (𝑇∞ − 𝑇)

𝜕𝑇

(𝐾𝑧 𝜕𝑧 ) = 𝜌 𝑐𝑝 𝜕𝑡
𝜕𝑧
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5) 𝐴𝑡 𝑦 = −𝑦𝐿 𝑎𝑛𝑑 𝑦 = 𝑦𝐿
𝐾𝑦

𝜕𝑇
𝜕𝑦

= ℎ𝑐 (𝑇∞ − 𝑇)

2.4.2 Enthalpy Model
Since the solid-liquid interface is moving, it poses considerable computational difficulties in
keeping track of the interface, remesh and solve temperature fields for the liquid and solid
regions. An alternative approach is to consider the energy equation in terms of enthalpy. The
enthalpy model is used to eliminate the computational difficulties that are associated with the
two-phase moving-boundary nature of the problem. The mathematical temperature model in
terms of enthalpy is given as:
𝜕

𝜕ℎ

(𝐴𝑥 𝜕𝑥 ) +
𝜕𝑥
Where 𝐴𝑥 =

𝜕

𝜕ℎ

(𝐴𝑦 𝜕𝑦) +
𝜕𝑦
𝐾𝑥
𝑐𝑝

, 𝐴𝑦 =

𝐾𝑦
𝑐𝑝

𝜕

𝜕ℎ

𝜕ℎ

(𝐴𝑧 𝜕𝑧 ) = 𝜌 . 𝜕𝑡
𝜕𝑧
, 𝐴𝑧 =

𝐾𝑧
𝑐𝑝

The boundary conditions for the enthalpy-based model are:

1) 𝐴𝑡 𝑧 = 0,
± 𝐴𝑧

𝜕ℎ
𝜕𝑧

2) 𝐴𝑡 𝑧 = 0,

− 𝑅0 ≤ 𝑥 ≤ 𝑅0 𝑎𝑛𝑑 − 𝑅0 ≤ 𝑦 ≤ 𝑅0
+ 𝛼𝐼0 =

ℎ𝑐
𝑐𝑝

(ℎ − ℎ∞ )

− 𝑥𝐿 ≤ 𝑥 ≤ −𝑅0 𝑎𝑛𝑑 𝑅0 ≤ 𝑥 ≤ 𝑥𝐿 ,
𝑅0 ≤ 𝑦 ≤ 𝑦𝐿 𝑎𝑛𝑑 − 𝑦𝐿 ≤ 𝑦 ≤ 𝑅0
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− 𝐴𝑧

𝜕ℎ
𝜕𝑧

3) 𝐴𝑡 𝑧 = 𝑧𝐿 ,
− 𝐴𝑧

𝜕ℎ
𝜕𝑧

=

ℎ𝑐
𝑐𝑝

(ℎ − ℎ∞ )

−𝑥𝐿 ≤ 𝑥 ≤ 𝑥𝐿 𝑎𝑛𝑑 − 𝑦𝐿 ≤ 𝑦 ≤ 𝑦𝐿
=

ℎ𝑐
𝑐𝑝

(ℎ − ℎ∞ )

4) 𝐴𝑡 𝑥 = −𝑥𝐿 𝑎𝑛𝑑 𝑥 = 𝑥𝐿
𝐴𝑥

𝜕ℎ
𝜕𝑥

=

ℎ𝑐
𝑐𝑝

(ℎ∞ − ℎ)

5) 𝐴𝑡 𝑦 = −𝑦𝐿 𝑎𝑛𝑑 𝑦 = 𝑦𝐿
𝐴𝑦

𝜕ℎ
𝜕𝑦

=

ℎ𝑐
𝑐𝑝

(ℎ∞ − ℎ)

Here:
𝑑 is the laser beam diameter
ℎ is the heat transfer coefficient
𝜌 is the density
𝐶𝑝 is the specific heat
𝑇 is the temperature of the body
𝑇∞ is the Ambient temperature

𝑡

ℎ = ∫ 𝐶𝑝 𝑑𝑇 + ∅𝐿
0

L is the latent heat of fusion (melting)
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∅ = 0 𝑓𝑜𝑟 𝑠𝑜𝑙𝑖𝑑 𝑎𝑛𝑑 ∅ = 1 𝑓𝑜𝑟 𝑙𝑖𝑞𝑢𝑖𝑑

Considering an isothermal phase change for a pure metal, ℎ𝑚𝑒𝑙𝑡 is determined from the
melting temperature 𝑇𝑚𝑒𝑙𝑡 of all the powder particles with sizes of 75, 50 and 25 microns,
which is estimated as:

𝑇𝑚𝑒𝑙𝑡 =

ℎ𝑚𝑒𝑙𝑡
𝐶𝑝

where:
ℎ𝑚𝑒𝑙𝑡 = 𝐸𝑛𝑡ℎ𝑎𝑙𝑝𝑦 𝑜𝑓 𝑓𝑢𝑠𝑖𝑜𝑛 𝑎𝑡 𝑇𝑚𝑒𝑙𝑡 and
𝐶𝑝 = 𝑆𝑝𝑒𝑐𝑖𝑓𝑖𝑐 ℎ𝑒𝑎𝑡 𝑜𝑓 𝑎𝑙𝑢𝑚𝑖𝑛𝑖𝑢𝑚

3. SIMULATION ANALYSIS MODEL

Computational Model
The application of CFD in additive manufacturing has become a significant aspect because of
its potential to simulate the model that would describe the melted volume of spherical-shaped
particles. The CFD simulations also assist in calculating principal process parameters such as
beam power, scan speed and particle size before actually manufacturing the product in a real
scenario. This would help a lot of companies in terms of product wastage and time savings.
The mathematical model presented is solved by using numerical methods. The enthalpy-based
heat model is solved using the commercial code STAR CCM+, and enthalpy data is
subsequently used in a computational algorithm for estimating the solid-liquid interface
location.

Simulation Model
The CFD analysis was carried out on a single layer of spheres since it provides a clear
understanding of heating and melting of spherical particles to establish the optimum operating
parameters in terms of the particle size and laser beam parameters [3]. In this work, CFD
simulations were carried out on different particle sizes (75, 50 and 25 microns) keeping laser
diameter as 50 microns. The intensity of laser beam required to melt the spherical particles and
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form single layer was calculated by trial and error method. After setting up the model and
running the simulations, the final time taken to complete one layer of workpiece without
considering the spraying time and scan speed was calculated for each layer.
A 3D CAD object was modeled in Creo Parametric with the required dimensions. The
spherical-shaped particles were assembled after parts were designed and imported IGS
assembly file into CFD software STAR CCM+, which uses control volume-based
discretization method for solving governing equations of heat flow patterns [3].

Geometric Model
The model was designed using Creo Parametric for different particle sizes of 75, 50 and 25
microns. The material used was aluminium and powder particles were placed adjacent to each
other. The heat flux was applied on a quarter of the circumference of a circle and convection
was applied on the rest of boundary surfaces. These powder materials were placed on the
substrate which is of rectangular shape. CFD simulation has been performed on different cases
of 75µm, 50µm and 25µm and the studied enthalpy distribution and process time taken for
single layer (Figure 5). For further analysis, Enthalpy h vs Depth z graph was plotted by using
probe points.
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(a) Top view

(b) Front view
Figure 5: Layer of powder particles
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Mesh Generation
In FEA, the basic idea is to make calculations at only finite number of points and then
interpolate the results for the entire surface or volume. Finite element method reduces the
degrees of freedom from infinite to finite with the help of discretization or meshing (nodes and
elements) since it is impossible to solve a problem which has infinite degrees of freedom.
For this model, a mesh continuum was created and prism layer mesher, surface remesher and
trimmer were selected as appropriate meshing models; a mesh base size 0.001mm was chosen
(Figure 6).

(a) Top view
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(b) Front view
Figure 6: Mesh scene for particle size 50 microns

Number of cells generated: 1513683
Number of faces generated: 4374809
Number of vertices generated: 1708967

4. RESULTS AND DISCUSSIONS
The computational simulation model was used to evaluate and analyze heating and melting of
different particle sizes. The process time taken to complete one layer of workpiece without
considering the spraying time and scan speed was calculated.

Physics for the Model
After the generation of the mesh, physics continuum was created and physics models which
define the primary variables of the simulation were defined on it. The physics models like
Constant Density, Implicit Unsteady or Transient, Three Dimensional, and Solid were selected.
The main objective is to melt sphere quadrant from top to bottom filling up the spaces between
spherical-shaped particles and creating a single layer of certain thickness. The particle sizes
chosen are 75, 50 and 25 microns.

In selecting beam power range for different particle sizes, total process time for single layer
and scan speed are the important aspects. For particle size 50 microns, volume of the whole
sphere is 65.4e-6 mm3. Target volume (i.e. volume required to melt the sphere from top to
bottom, z = 0 to z = 50) is one-fourth of the volume of whole sphere, = 16.36e-6 mm3. In Figure
7, b is the height which represents the melted volume and a is the length of the cord. Figure 8
represents basic methodology to estimate the molten volume.
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a

z=0

b

z = 50
Figure 7: Symmetric view
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Figure 8: Basic methodology to estimate molten volume and part density
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Selection of Beam Intensity
Selection of laser beam intensity is very crucial in heating and melting of spherical particles as
dimensions of powder particles are minute. If high-intensity laser beam is used, it may result
in overmelting and can lead to evaporation of workpiece. Keeping laser beam diameter as 50
microns for all the particle sizes, the range of laser beam power intensities can be selected.
4.2.1 Intensities of the Laser Beam
By changing different beam powers to 150W, 220W, 300W and 500W, intensity of laser beam
was selected to reach target volume 16.36e-6 mm3 (Figure 9).
Particle size = 50 microns, laser beam diameter = 50 microns, beam power = 150W

Beam Intensity: 7.6E10 W/m2
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Figure 9: Enthalpy scene of powder size and beam position 1 at intensity 7.6E10 W/ m2

Probe points are created from z = 0 to z = 50 on the particle size where heat flux is applied so to
make sure that every point on the surface is above melting temperature of aluminium material,
which is 933.3K (Figures 10-12).
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Figure 10: Point probes – Enthalpy scene of powder particles at intensity 7.6E10 W/ m2
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Probe line 3

Probe line 2

Probe line 1
Z=0
Z = 6.25

Z = 12.5
Z = 18.75
Z = 25
Z = 31.25
Z = 37.5
Z = 43.75
Z = 50

Figure 11: Representation of probe points on sphere quadrant from z = 0 to z = 50
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Figure 12: Enthalpy h vs Depth z at heat flux=7.6e10 W/ m2
It is clearly indicated by the graphs that every probe point is above 𝐻𝑚𝑒𝑙𝑡 (i.e. the phase at
which solid is transformed to liquid) and the process time taken for one quadrant of sphere to
completely melt from z=0 to z=50 (i.e. time taken for every point on the surface to reach above
𝐻𝑚𝑒𝑙𝑡 ) is 0.004sec.
The final time taken to complete one layer of work piece, without considering the spraying
time, is 0.004 + 0.004 + 0.004 = 0.012s
Average scan speed of the laser beam = Distance travelled ÷ Time taken
Average scan speed = 0.3 ÷ 0.012 = 25 mm/sec to build a 300micron*100micron section
Ratio of laser power to scanning speed = 150 / 25 = 6
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Beam Intensity: 1.1E11 W/m2 at Beam power = 220W (Figures 13-16)

Figure 13: Enthalpy scene of powder particles at intensity 1.1E11 W/ m2

Figure 14: Point probes – Enthalpy scene at laser beam intensity 1.1E11 W/m2
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Figure 15: Point probes – Enthalpy scene of powder particles at intensity 1.1E11 W/m2
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Figure 16: Enthalpy h vs Depth z at heat flux=1.1e11 W/m2

The process time taken for one quadrant of sphere to completely melt from z = 0 to z = 50 (i.e.
time taken for every point on this sphere quadrant to reach above 𝐻𝑚𝑒𝑙𝑡 ) is 0.003sec.
The final time taken to complete one layer of workpiece, without considering the spraying
time, is 0.003 + 0.003 + 0.003 = 0.009s
Average scan speed of beam = Distance travelled ÷ Time taken = 0.3 ÷ 0.009 = 33.3mm/sec
Ratio of beam power to scan speed = 220 W / 33.3 = 6.6
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Beam Intensity: 1.5E11 W/m2 at Beam power = 300W (Figures 17-19)

Figure 17: Enthalpy distribution of powder particles at intensity 1.5E11 W/m2

Figure 18: Point probes – Enthalpy scene at laser beam intensity 1.5E11 W/m2
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Figure 19: Enthalpy h vs Depth z at heat flux=1.5E11W/m2

Enthalpy values are significantly higher and faster heating. The process time taken for one
quadrant of sphere to completely melt from z=0 to z=50 (i.e. time taken for every point on this
sphere quadrant to reach above 𝐻𝑚𝑒𝑙𝑡 ) is 0.0025sec.
The final time taken to complete one layer of workpiece, without considering the spraying
time, is 0.0025 + 0.0025 + 0.0025 = 0.0075s
Scan speed of the laser beam = Distance travelled ÷ Time taken = 0.3 ÷ 0.0075 = 40 mm/sec
Ratio of beam power to scan speed = 300 W / 40 = 7.5
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Beam Intensity: 2.5E11 W/m2 at Beam power = 500W (Figures 20-22)

Figure 20: Enthalpy scene at laser beam intensity 2.5E11 W/m2
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Figure 21: Point probes – Enthalpy scene at laser beam intensity 2.5E11 W/m2

37
1.40E+07

1.20E+07

Enthalpy h(J/kg)

1.00E+07

8.00E+06

Probe line 1
6.00E+06

Probe line 2
Probe line 3

4.00E+06

2.00E+06

0.00E+00
0

10

20

30

40

50

60

Depth z
Figure 22: Enthalpy h vs Depth z at heat flux = 2.5E11 W/m2

The process time taken to completely melt from z=0 to z=50 (i.e. time taken for every point on
this sphere quadrant to reach above 𝐻𝑚𝑒𝑙𝑡 ) is 0.002sec.
The final time taken to complete one layer of workpiece, without considering the spraying
time, is 0.002 + 0.002 + 0.002 = 0.006s
Scan speed of the laser beam = Distance travelled ÷ Time taken = 0.3 ÷ 0.006 = 50 mm/sec
Ratio of beam power to scan speed = 500 W / 50 = 10
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Using this power of 500W, the enthalpy of material is exceeding the enthalpy of vaporization
as shown in Figure 22. So, we choose to keep beam power in the range of 150 to 300W for
particle size 50 microns and it can be further refined.
A summary of findings for 50 microns is found in Table 1.

Table 1. Summary for Particle Size 50 Microns
Particle size = Power = 150W

Power = 220W

Power = 300W

Power = 500W

50microns

I = 7.6E10W/m2

I = 1.1E11W/m2

I = 1.5E11W/m2

I = 2.5E11W/m2

Volume required
to be melted

16.36E-6 mm3

16.36E-6 mm3

16.36E-6 mm3

16.36E-6 mm3

Final time

0.012s

0.009s

0.0075s

0.006s

Scan speed (V)

25 mm/s

33.3 mm/s

40 mm/s

50 mm/s

Power/scan
speed (P/V)

6

6.6

7.5

10
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4.2.2 Demonstration of Complete Melting for P =300 W
The probe points are placed on the powder particles where heat flux is not applied and
examining whether it is completely melted or not (Figure 23). From Figure 24, it is shown
that probe points are reaching above 𝐻𝑚𝑒𝑙𝑡 , which is clear indication that sphere quadrant is
melting completely and forming rectangle layer.

Figure 23: Enthalpy scene at plane section P = 300W
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Figure 24: Enthalpy vs Time plot

Now the laser beam is shifted to a second set of powder particles (Figure 25).
Laser beam at position 2
Initially after 0.003 seconds
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Figure 25: Enthalpy scene for particle size 50 microns at beam position 2 at 0.003s

Time 0.004 seconds (Figure 26)
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Figure 26: Enthalpy scene for particle size 50 microns at beam position 2 at 0.004s

Time 0.005 seconds (Figure 27)

Figure 27: Enthalpy scene for particle size 50 microns at beam position 2 at 0.005s

43

Figure 28: Point probes -Enthalpy scene for particle size 50𝝁𝒎 at beam position 2 at 0.005s

Figure 29 depicts the formation of the layer region for simulation analysis with beam moved to
Position- 2. Figure 30 shows simulation results with this new model.
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Figure 29: The formation of the layer region for simulation analysis with beam
moved to position 2
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Figure 30: Simulation results with this new model
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Mesh Refinement Study
Mesh refinement plays an important role in the simulation process to ensure accuracy of mesh
size distribution. Simulation is repeated with multiple refined mesh size distributions. In this
study, the base mesh size (0.001mm) has been refined by ±10% and ±20% to to study the
sensitivity of the mesh size distribution on the accuracy of the solution. Figures 31-33 show
the distributions of enthalpy profile along the probe line 1 with varying mesh size distribution.
Results show convergence of the solution with ±10% and -20% changes in mesh from the base
size.
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Figure 31: Mesh refinement enthalpy variation along probe line 1
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Figure 32: Enthalpy vs Depth at mesh base size 0.001mm increased by ±10%
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Figure 33: Enthalpy vs Depth at mesh base size 0.001mm increased by ±20%

On inspection, it is clearly visible that graphs with mesh base size at 0.0008mm, 0.0009mm, and
0.0011mm are in close proximity; i.e. it almost converged with mesh base size at 0.001mm,
whereas mesh base size at 0.0012mm is far from mesh base size at 0.001mm.
Mesh base size 0.0008mm is not recommended since simulation requires increase in computational
time and 0.0012mm can’t be chosen since results vary significantly from the converged solution.
Mesh base sizes can be chosen as 0.001mm or 0.0011mm (base size increased by 10%).
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Enthalpy Model Results
4.4.1

Effect of Particle Size – 75 microns

For particle size 75 microns, we are trying to analyze heating and melting of spherical particles
by varying beam powers and fixing constant laser beam diameter as 50 microns. The procedure
is the same as the one for particle size 50 microns. The geometry of model might be different
but meshing models and physics models are the same (Figure 34).
Particle size is 75 microns and laser beam diameter is 50 microns

Figure 34: Geometry of particle size 75 microns

Mesh base size is 0.001mm (Figure 35)
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Figure 35: Mesh scene

Number of cells generated: 4877032
Number of faces generated: 14271864

For particle size 75 microns, volume of the whole sphere is 18e-5 mm3. Target volume (i.e.
volume required to melt the sphere from top to bottom z = 0 to z = 75) is 4.5e-5 mm3.
By changing different beam powers to 100W, 150W and 200W, intensity of laser beam is
selected to reach target volume 4.5e-5 mm3.
Particle size = 75 microns, laser beam diameter = 50 microns, beam power = 100W

Beam Intensity: 5E10 W/m2 (Figures 36-38)
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Figure 36: Enthalpy scene of powder particles and beam position 1 at intensity 5E10W/m2

Figure 37: Point probes – Enthalpy scene of powder particles at intensity 5E10 W/m2
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Figure 38: Enthalpy h vs Depth z at heat flux=5E10 W/m2

It is clearly indicated by graph that every probe point is above 𝐻𝑚𝑒𝑙𝑡 (i.e. the phase at which
solid is transformed to liquid) and the process time taken to completely melt from z=0 to z=75
(i.e. time taken for every point on the surface to reach above 𝐻𝑚𝑒𝑙𝑡 ) is 0.008sec.
The final time taken to complete one layer of workpiece, without considering the spraying
time, is 0.008 + 0.008 + 0.008 = 0.024s
Average scan speed of the laser beam = Distance travelled ÷ Time taken = 0.45 ÷ 0.024 =
18.75 mm/sec
Ratio of beam power to scan speed = 100 W / 18.75 = 5.33
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Beam Intensity: 7.6E10 W/m2 at Beam Power = 150W (Figures 39-41)

Figure 39: Enthalpy distribution of powder particles at intensity 7.6E10 W/m2
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Figure 40: Point probe – Enthalpy scene of powder particles at intensity 7.6E10 W/m2
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Figure 41: Enthalpy h vs Depth z at heat flux=7.6E10W/m2
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It is clearly indicated by graph that every probe point is above 𝐻𝑚𝑒𝑙𝑡 (i.e. the phase at which
solid is transformed to liquid) and the process time taken to completely melt from z = 0 to z =
75 (i.e. time taken for every point on the surface to reach above 𝐻𝑚𝑒𝑙𝑡 ) is 0.0065sec.
The final time taken to complete one layer of workpiece, without considering the spraying
time, is 0.0065 + 0.0065 + 0.0065 = 0.0195s
Average scan speed of the laser beam = Distance travelled ÷ Time taken = 0.45 ÷ 0.0195 =
23 mm/sec
Ratio of beam power to scan speed = 150 W / 23 = 6.52

Beam Intensity: 1E11 W/m2 at Beam Power = 200W (Figures 42-44)

Figure 42: Enthalpy distribution of powder particles at intensity 1E11 W/m2
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Figure 43: Point probes – Enthalpy scene of powder particles at intensity 1E11 W/m2
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Figure 44: Enthalpy h vs Depth z at heat flux=1E11W/m2

It is clearly indicated by graph that every probe point is above 𝐻𝑚𝑒𝑙𝑡 (i.e. the phase at which
solid is transformed to liquid) and the process time taken to completely melt from z=0 to z=75
(i.e. time taken for every point on the surface to reach above 𝐻𝑚𝑒𝑙𝑡 ) is 0.0055sec.
The final time taken to complete one layer of workpiece, without considering the spraying
time, is 0.0055 + 0.0055 + 0.0055 = 0.0165s
Average Scan speed of the laser beam = Distance travelled ÷ Time taken = 0.45 ÷ 0.0165 =
27 mm/sec
Ratio of beam power to scan speed = 200 W / 27 = 7.407
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If power of laser beam is above 200W for particle size 75 microns, the enthalpy of material is
exceeding the enthalpy of vaporization. So, beam power in the range of 100 to 200W would
be a good choice for this particle size and there will not be overmelting of powder particles.

A summary of findings for 75 microns is found in Table 2.

Table 2. Summary for Particle Size 75 Microns

Particle size =
75microns

Power = 100W

Power = 150W

Power = 200W

I = 5E10W/m2

I = 7.6E10W/m2

I = 1E11W/m2

Volume required to
be melted

4.5E-5 mm3

4.5E-5 mm3

4.5E-5 mm3

Final time

0.024s

0.0195s

0.0165s

Scan speed (V)

18.75 mm/s

23 mm/s

27 mm/s

Power/scan speed
(P/V)

5.33

6.52

7.40
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4.4.2 Effect of Particle Size – 25 microns
For particle size 25 microns, fixing constant laser beam diameter as 50 microns, the same
procedure is followed. The geometry of model might be different but meshing models and
physics models are the same even in this case (Figure 45).
Particle size is 25 microns and laser beam diameter is 50 microns

Figure 45: Geometry of particle size 25 microns

Mesh base size is 0.001mm (Figure 46)
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Figure 46: Mesh scene

Number of cells generated: 307117
Number of faces generated: 875980

For particle size 25 microns, volume of the whole sphere is 8.18e-6 mm3. Target volume (i.e.
volume required to melt one half of the sphere from top to bottom z = 0 to z = 25) is
4.09e-6 mm3.
By changing different beam powers to 15W, 25W and 50W, intensity of laser beam is selected
to reach target volume 4.09e-6 mm3.
Particle size = 25 microns, laser beam diameter = 50 microns, beam power = 15W
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Beam Intensity: 7.6E9 W/m2 (Figures 47-49)

Figure 47: Enthalpy scene at laser beam intensity 7.6E9 W/m2

Figure 48: Point probes – Enthalpy scene at laser beam intensity 7.6E9 W/m2
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Figure 49: Enthalpy h vs Depth z at heat flux=7.6E9 W/m2

The process time for one half of sphere to completely melt from z=0 to z=25 (i.e. time taken
for every point on this sphere to reach above 𝐻𝑚𝑒𝑙𝑡 ) is 0.0055sec. Also, results show more
uniform variation in enthalpy within this smaller particle size compared to 50 and 75 micron
sizes.
The final time taken to complete one layer of workpiece, without considering the spraying
time, is 0.0055 + 0.0055 + 0.0055 = 0.0165s
Average Scan speed of the laser beam = Distance travelled ÷ Time taken = 0.15 ÷ 0.0165 =
9 mm/sec
Ratio of beam power to scan speed = 15 W / 9 = 1.66
Beam Intensity: 1.3E10 W/m2 at Beam Power = 25W (Figures 50-52)

63

Figure 50: Enthalpy scene at laser beam intensity 1.3E10 W/m2

Figure 51: Point probes – Enthalpy scene at laser beam intensity 1.3E10 W/m2
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Figure 52: Enthalpy h vs Depth z at heat flux=1.3E10 W/m2

The process time for one half of sphere to completely melt from z = 0 to z = 25 (i.e. time taken
for every point on this sphere to reach above 𝐻𝑚𝑒𝑙𝑡 ) is 0.0035sec.
The final time taken to complete one layer of workpiece, without considering the spraying
time, is 0.0035 + 0.0035 + 0.0035 = 0.0105s
Average Scan speed of the laser beam = Distance travelled ÷ Time taken = 0.15 ÷ 0.0105 =
14 mm/sec
Ratio of beam power to scan speed = 25 W / 14 = 1.78
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Beam Intensity: 2.5E10 W/m2 at Beam Power = 50W (Figures 53-55)

Figure 53: Enthalpy scene at laser beam intensity 2.5E10 W/m2
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Figure 54: Point probes – Enthalpy scene at laser beam intensity 2.5E10 W/m2

67
1.80E+06
1.60E+06
1.40E+06

Enthalpy h(J/kg)

1.20E+06
1.00E+06
8.00E+05

Probe line 1

6.00E+05

Probe line 2

4.00E+05
2.00E+05
0.00E+00
0

5

10

15

20

25

30

Depth z

Figure 55: Enthalpy h vs Depth z at heat flux=2.5E10 W/m2

The process time for one half of sphere to completely melt from z = 0 to z = 25 (i.e. time taken
for every point on this sphere to reach above 𝐻𝑚𝑒𝑙𝑡 ) is 0.002sec.
The final time taken to complete one layer of workpiece, without considering the spraying
time, is 0.002 + 0.002 + 0.002 = 0.006s
Scan speed of the laser beam = Distance travelled ÷ Time taken = 0.15 ÷ 0.006 = 25 mm/sec
Ratio of beam power to scan speed = 50 W / 25 = 2

A summary of findings for 25 microns is found in Table 3.
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Table 3. Summary for Particle Size 25 Microns

Particle size =
25microns

Power = 15W

Power = 25W

Power = 50W

I = 7.6E9W/m2

I = 1.3E10W/m2

I = 2.5E10W/m2

Volume required to
be melted

4.09E-6 mm3

4.09E-6 mm3

4.09E-6 mm3

Final time

0.0165s

0.0105s

0.006s

Scan speed (V)

9 mm/s

14 mm/s

25 mm/s

Power/scan speed
(P/V)

1.66

1.78

2

5. CONCLUSION AND RECOMMENDATIONS

A computational simulation model was developed to model selective laser melting (SLM) –
based additive manufacturing (AM) process. Iterative refinement process was demonstrated to
finalize beam power and scan speed.
Results show a lower power to scan speed and more uniform enthalpy and temperature
variations for smaller particle sizes.
Such a simulation analysis model and results with varying critical laser and material parameters
will be useful in the design and development of additive manufacturing process and additive
manufacturing machines.
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